Heat shock factor-binding protein (HSBP) 1 is a small, evolutionarily conserved protein originally identified in a yeast two-hybrid screen using the trimerization domain of heat shock factor (HSF) 1 as the bait. Similar in size to HSF1 trimerization domain, human HSBP1 contains two arrays of hydrophobic heptad repeats (designated HR-N and HR-C) characteristic of coiled-coil proteins. Proteins of the HSBP family are relatively small (<100 residues), comprising solely a putative coiled-coil oligomerization domain without any other readily recognizable structural or functional motif. Our biophysical and biochemical characterization of human HSBP1 reveals a cooperatively folded protein with high ␣-helical content and moderate stability. NMR analyses reveal a single continuous helix encompassing both HR-N and HR-C in the highly conserved central region, whereas the less conserved carboxyl terminus is unstructured and accessible to proteases. Unlike previously characterized coiled-coils, backbone 15 N relaxation measurements implicate motional processes on the millisecond time scale in the coiled-coil region. Analytical ultracentrifugation and native PAGE studies indicate that HSBP1 is predominantly trimeric over a wide concentration range. NMR analyses suggest a rotationally symmetric trimer. Because the highly conserved hydrophobic heptad repeats extend over 60% of HSBP1, we propose that HSBP most likely regulates the function of other proteins through coiled-coil interactions.
Protein oligomerization is a general mechanism for regulating and mediating diverse cellular processes including cytoskeletal interaction and cell motility, transcriptional activation, membrane trafficking, and intracellular signaling. A fundamental oligomerization motif is the "coiled-coil," which modulates protein structure and dynamics through its ability to mediate homotypic as well as heterotypic associations (for reviews of coiled-coils, see Refs. 1 and 2). Prominent examples of coiled-coil proteins include desmin and keratins forming the rigid framework of intermediate filaments (3) , mannose-binding protein involved in antibody-independent immune response (4), Jun and Fos heterodimerizing to activate transcription (5) , and the heat shock transcription factor 1 (HSF1) 1 oligomerizing temporally upon stress activation (6, 7) . Because of its central role in biology and also because of its apparent simplicity, the coiled-coil motif has evoked considerable interest as a biological motif and as a paradigm for studies of protein folding (8 -10) and de novo protein design (11, 12) .
The coiled-coil structural motif comprises two or more righthanded ␣-helices wrapped around each other with a small, left-handed superhelical twist (13) . The hallmark of coiled-coils at the primary structure level is a seven-residue repeating sequence termed the heptad repeat in which the first and fourth residues (i.e. a and d in the sequence abcdefg) typically occupy the interhelical interface and are generally hydrophobic. Extensive structural and thermodynamic analyses of native and model coiled-coils have revealed that the shape and packing of the a and d residues determine, to a large extent, the stability and the preferred oligomerization state of the coiled-coils whereas the e and g residues, which are generally bulky, polar, or charged, contribute toward specificity and establishment of the proper chain register positions (9, 14 -27) . Despite these advances in our understanding, reliable predictions of the preferred oligomerization state as well as packing of individual subunits remains a challenge for many naturally occurring coiled-coils.
Heat shock-binding protein 1 (HSBP1) is a 76-residue acidic protein that was isolated from a yeast two-hybrid screen using the coiled-coil containing trimerization domain of heat shock transcription factor HSF1 as the bait (28) . Yeast two-hybrid assays with HSBP1 as both bait and prey indicate that HSBP1 self-associates (Ref. 28 , and see below). HSBP1 is highly conserved in a wide variety of organisms but has no readily identifiable homologues in the repository of experimentally determined high resolution structures in the Research Collaboratory for Structural Bioinformatics Protein Data Bank (www.rcsb. org). Sequence analysis suggested a highly helical protein with two tandem arrays of heptad repeat devoid of other readily recognizable structural motif(s).
These attributes of the HSBP protein family led us to characterize the biochemical and biophysical properties of human HSBP1. Here, we show that HSBP1 is an evolutionarily conserved protein that exists as a highly helical, homotrimeric coiled-coil with the individual subunits arranged in a parallel and unstaggered manner relative to each other. Although coiled-coil proteins are relatively common, to our knowledge, HSBP1 is the first protein that has been described that is composed solely of a coiled-coil domain. Thus, the HSBP protein family may represent a new, structurally distinct subtype of coiled-coils and can serve as a model for understanding the structural principles of coiled-coils.
EXPERIMENTAL PROCEDURES
Cloning-Human wild-type HSBP1 and the COOH-terminal truncation mutant HSBP1 65⌬ were PCR-amplified with Pfu DNA polymerase (Stratagene). For wild-type HSBP1, the amino-and carboxyl-terminal primers are 5Ј-ATG GCC GAG ACT GAC CCC AAG ACC G-3Ј and 5Ј-TTC CGC TCG AG T CAA CTC TTT TGC GTG GC-3Ј, respectively. The primer for the carboxyl terminus of HSBP1 65⌬ (65⌬-C) is 5Ј-TTC CGC TCG AGT CTT CCA GTT CTT CCA CCC C-3Ј (Invitrogen). The PCR products were cloned into the multiple cloning site immediately 3Ј of the glutathione S-transferase gene in pET-42a(ϩ) (Novagen) expression vector, which was linearized with PshAI and XhoI. Sequences of the constructs were confirmed by automated sequencing in both forward and reverse directions. The wild-type HSBP1 lacks the aminoterminal methionine. There are no extra amino acids derived from the vector.
Yeast Two-hybrid Interaction Assay-The EcoRI-XhoI fragment containing the canine HSBP1 cDNA from pJG4-5 was cloned into the EcoRI-SalI site of pEG202 to form pEG202-cHSBP1 (28) . pJG4-5-HSBP1 65⌬ was generated by PCR using a primer specific to pJG4-5 (JG45P, 5Ј-CTC TTG CTG AGT GGA GAT-3Ј) and an HSBP1-specific primer, 65⌬-C. The fragment was restricted with EcoRI and XhoI and inserted into the EcoRI-XhoI site of pJG4-5 and confirmed by sequencing. The pEG202 plasmids (LexA fusions) were transformed into EGY48 containing pSH18 -34 lacZ reporter plasmid (gift of R. Brent). The pJG4-5 plasmids (activation domain fusions) were transformed into R3159 (gift of R. Gaber). The strains were mated overnight on YPD medium and replica-plated onto galactose-containing dropout medium lacking histidine, tryptophan, and uracil and supplemented with 5Ј-bromo-4-chloro-3-indoyl-␤-D-galactopyranoside (29) . ␤-Galactosidase assays were performed by the method of Miller (30) . Activity was expressed as relative activity with wild-type pEG202-cHSBP1 versus wild-type pJG4-5-cHSBP1 set arbitrarily as 100%.
Protein Overexpression and Purification-Escherichia coli strain BL21(DE3) harboring pET-42a(ϩ)-HSBP1 plasmid was grown in LB medium to A 600 of 0.9 and then induced with 1 mM isopropyl-␤-Dthiogalactopyranoside for 3 h. Cells were harvested through centrifugation, and the bacterial pellet was re-suspended and freeze-thawed three times in 1ϫ PBS (140 mM NaCl, 3 mM KCl, 1 mM KH 2 PO 4 , 8 mM Na 2 HPO 4 ) with protease inhibitors (2.5 g/ml pepstatin A, 2.5 g/ml leupeptin, 2.5 g/ml antipain, 2.5 g/ml chymostatin, and 1 mM phenylmethylsulfonyl fluoride). The suspension was sonicated, and Triton X-100 was added to a final concentration of 1% before the suspension was centrifuged for 30 min at 32,000 ϫ g. The supernatant was loaded onto a glutathione-Sepharose column for affinity chromatography. The column was then washed with 20 column volumes of 1ϫ PBS, followed by 10 column volumes of buffer containing 150 mM NaCl, 50 mM Tris, pH 7.5. Overnight on-column cleavage with factor Xa at 1:300 w/w factor Xa:substrate ratio (New England Biolabs) was carried out at room temperature while nutating in 150 mM NaCl, 2 mM CaCl 2 , 50 mM Tris, pH 7.5. The eluent was further purified via reverse phase high pressure liquid chromatography using a Vydac C18 column, equilibrated with 48.8% acetonitrile, 0.1% trifluoroacetic acid. A linear 0.5% acetonitrile/min gradient was used to fractionate proteins. The identity and purity of the samples were confirmed by electrospray ionization mass spectrometry (Analytical Services Laboratory, Northwestern University, Chicago, IL). Protein concentrations were measured by amino acid analysis (Protein Research Laboratory, University of Illinois, Chicago, IL). These measurements were used to calculate extinction coefficients.
Monoclonal Antibody-A monoclonal antibody against human HSBP1 was made following standard protocols (31) . Briefly, 50 g of purified, recombinant HSBP1 was injected intraperitoneally into each mouse with equal volume of Titermax (CytRx Co.) every 3 weeks. Tail bleeds were screened by enzyme-linked immunosorbent assay. Mice with positive enzyme-linked immunosorbent assay were intravenously injected with ϳ35 g of antigen in PBS and sacrificed 3 days later. Splenocytes were harvested and fused with myeloma Sp2/O-Ag14. Hybridoma were selected and screened to monoclonality. Specificity of the monoclonal antibody 12F9 was confirmed by immunoprecipitation and Western blot analysis in the presence of competitors.
Circular Dichroism Spectroscopy-Circular dichroism spectra were recorded on a Jasco J-715 spectropolarimeter equipped with a computer-controlled Peltier device and water bath for temperature control. The measurement wild-type HSBP1 were performed at 17 M in 20 mM NaCl, 1 mM EDTA, 5 mM sodium phosphate buffer, pH 7. For wavelength scans, spectra were recorded at 20°C from 260 to 190 nm at a scan rate of 5 nm/min. Temperature scans for thermal denaturation and renaturation studies were performed at 222 nm wavelength at a scan rate of 30°C/h. Data have been corrected for the base lines by subtracting the data from buffer. The measured ellipticity was converted to molar ellipticity ([]), which is independent of concentration and the number of residues in the protein. Molar ellipticity at 222 nm was used to estimate helical content using the relation (Ϫ 222 ϩ 2340)/ 30,300 (32) .
Limited Proteolysis-Wild-type HSBP1 was pre-incubated in 100 mM NH 4 HCO 3 for 15 min at 30°C. Trypsin (Sigma) or V8 (Sigma) proteases were added at enzyme to substrate w/w ratios of 1:33.3 and 1:100, respectively. Proteolysis was performed for 30 min at 30°C, after which the solution was mixed with an equal volume of acetonitrile and flashfrozen in a methanol/dry ice bath. The samples were lyophilized, resuspended in 50% acetonitrile, and analyzed by electrospray ionization mass spectrometry (Analytical Services Laboratory, Northwestern University). 15 N-labeled HSBP1 65⌬ sample with the recycle delay set to 3 s. 15 N spin-lattice relaxation rate constants (R 1 ) were measured using the pulse sequence described by Farrow et al. (40) with parametric relaxation delays (T) set to 40, 200, 400, 800, 1200, 1800, 2400, 3000, and 5000 ms. Duplicate spectra for T ϭ 40 and 1800 ms were recorded for estimating experimental error. 15 N spin-spin relaxation rate constants (R 2 ) were evaluated using a TROSY-CPMG pulse sequence (41) on the 2 H, 13 One-milliliter fractions were collected, and the location of the protein was confirmed by Western blot analysis. The apparent molecular weight and Stokes radius of HSBP1 was calculated for each run from the graphs of the logarithm of the molecular weights and of Stokes radii as functions of elution profiles (K av ) of the protein standards (43) .
NMR Sample Preparation-Uniformly
Native Polyacrylamide Gel Electrophoresis-Wild-type HSBP1 and 65⌬ were mixed in 1:1 ratio at a total concentration of 60 M and incubated at either 60, 80, or 90°C for 5 min followed by incubation at 37°C for 15 min. Alternatively, an incubation time course of the two proteins was performed at room temperature from 5 min to overnight. SDS-free loading dye was added so that final protein concentration ranged from 0.5 to 12 M was loaded and resolved on discontinuous Tris-glycine SDS-free polyacrylamide gels (44) at either room temperature or 4°C. Alternatively, 0.5ϫ TBE or 1ϫ TBE gels were used at either temperatures. The gel was transferred and blotted with 12F9, a monoclonal antibody against HSBP1, to detect homo-and hetero-oligomers of HSBP1.
Sedimentation Equilibrium Ultracentrifugation-Sedimentation equilibrium experiments of wild-type HSBP1 were performed using a two-sector aluminum centerpiece in a Beckman Coulter (Fullerton, CA) XL-A analytical ultracentrifuge with an 8-position An-50 Ti rotor in absorbance mode. Protein samples were dialyzed at 4°C prior to the run for about 2 days with more than three changes (1 ϫ 10 9 dilutions) of buffer (150 mM NaCl, 50 mM sodium phosphate, pH 7). The dialysate of each sample was used for making protein dilutions and also for the reference solution. 150 l of sample with initial absorbances OD 230 ϭ 0.2-0.5 were loaded and sedimented to equilibrium at 20°C at 15,000, 20,000, 25,000, 30,000, 35,000, 40,000, 45,000, and 50,000 rpm sequentially. Dual scans were acquired to confirm attainment of equilibrium. Scans at 230 nm were acquired in step mode with a radial step size of 0.001 cm down the axis of the cell, with 50 replicates at each step point. Data between 0.0 and 0.9 in optical density were global fitted using UltraScan 5.0 software (B. D., www.ultrascan.uthscsa.edu). Extinction coefficient profile, partial specific volumes, buffer density and viscosity corrections were calculated with the UltraScan software. Monte Carlo simulations for the monomer 7 dimer model were performed on a 40-processor Beowulf system running Slackware Linux. Protein samples before and after sedimentation equilibrium looked identical on native gel (data not shown).
Sedimentation Velocity Ultracentrifugation-Sedimentation velocity studies of wild-type HSBP1 were performed using two-channel aluminum centerpieces on a Beckman Coulter XL-A analytical ultracentrifuge. Protein samples were dialyzed and prepared as described above. Experiments were performed at 23°C and 60,000 rpm. Starting sample concentrations ranged from 5 M to 1 mM. The rotor with protein sample was equilibrated in the centrifuge to 23°C in vacuum before each run was started. Velocity data were collected in continuous scan mode with a step size of 0.001 cm at multiple wavelengths depending on the protein concentration. Data editing, van Holde-Weischet (45), and finite element (46) analyses were performed using UltraScan version 5.0.
Sedimentation coefficients, diffusion coefficients, and molecular weights were corrected for water at 20°C as reported by UltraScan.
RESULTS

HSBP1 Is Highly Conserved across Diverse Species-Human
HSBP1 is a 76-residue, acidic protein that belongs to a highly conserved family of proteins present in diverse species. A sequence similarity search of the National Center for Biotechnology Information expressed sequence tags and "nonredundant" nucleotide sequence data bases using the human HSBP1 protein sequence revealed homologues, ranging in size from 74 to 99 residues, in more than 30 plant and animal species as well as fission yeast (47) . In several plant species, including corn and rice, multiple homologues were found. Furthermore, comparing the intron-exon structures of known and putative genomic HSBP loci strengthens the hypothesis that these putative homologues belong to the same family. For example, the Homo sapiens, Caenorhabditis elegans, Drosophila melanogaster, Arabidopsis thaliana, and Schizosaccharomyces pombe HSBP loci share at least two successive intron-exon junctions between residues 15 and 16 of the human protein sequence (Fig. 1A) , implying a common evolutionary origin. 2 A sequence alignment of a subset of HSBP proteins from diverse species is shown in Fig. 1A . Within each of the plant and animal kingdoms, the sequence similarity is greater than 60% among HSBP homologues. Across the two kingdoms, however, the similarity drops to 50%. The Schizosaccharomyces pombe HSBP1 is the most distant member of the family, sharing only 30 -46% sequence similarity with its plant and animal relatives. Expressed sequence tag data base searches further revealed that HSBP1 mRNA is ubiquitously expressed in a variety of murine and human normal and cancerous tissues and organs, including placenta, lung, liver, kidney, heart, testis, ovary, uterus, brain, adipose tissue, and white blood cells, as well as multiple organs and developmental stages in plant. Western blot analysis using monoclonal antibody 12F9 raised against human HSBP1 confirmed the ubiquitous expression of HSBP1 protein in all major mouse organs. 3 These results suggest that HSBP proteins have a fundamental role in diverse organisms and in a variety of animal and plant cell types.
HSBP1 Contains Two Regions of Hydrophobic Heptad
Repeats-Analysis of HSBP1 sequences reveals that the carboxylterminal half of the protein (comprising residues 35-59 of human HSBP1 and designated "HR-C") follows an unambiguous heptad repeat pattern (Fig. 1A) . A similar pattern can also be detected in the amino-terminal half of the protein (designated "HR-N"), although the presence of consecutive hydrophobic residues (for example, residues Val-15 and Val-16, and Leu-19 and Leu-20 in human HSBP1; Fig. 1A ) introduces some ambiguity in assigning residues to the heptad positions. This was resolved by maximizing the number of highly conserved hydrophobic residues at a and d positions. However, this did not result in a continuous heptad repeat pattern extending from residues 10 to 59. Rather, a discontinuity in the heptad pattern occurs at residue 35 and can be characterized as a "stutter," which involves a deletion of three heptad positions (i.e. abcdefgaefgabcd). Stutters have been noted in coiled-coil structures and are commonly associated with localized structural distortions such as breaking, bending, enhanced flexibility, or underwinding of coiled-coil structures (reviewed in Ref. 48) .
We also evaluated the potential of HSBP proteins to form a coiled-coil using the computer prediction program Coils 2.1 (49) . Consistent with the heptad repeat pattern assigned manually, two adjacent coiled-coil regions in the vicinity of residue 35 of human HSBP1 are predicted (Fig. 1B) . Interestingly, HR-C has a much higher propensity to form a coiled-coil structure (Ͼ60% probability) than HR-N (10 -40% probability) (Fig.  1B) . We also assessed the potential of diverse HSBP sequences to adopt helical conformations using the Secondary Structure Consensus Prediction Program (50) . Two helices are predicted in the central region, whereas random coils are predicted at the amino and carboxyl termini, coincident with the least conserved regions. The prediction is ambiguous in the vicinity of residue 39, suggesting the possibility of an unstructured "hinge" or "linker" region separating the two helices. The locations of the helices coincide largely with the hydrophobic heptad repeats (Fig. 1A) . Collectively, our analyses suggest three alternative structural models for HSBP1 (Fig. 1C ): 1) a single continuous helix, 2) two noninteracting helices separated by a linker region (residues [35] [36] [37] [38] [39] [40] , and 3) two interacting helices arranged in an anti-parallel orientation. In each of the models, the helical regions or portions thereof can engage in intermolecular interactions, giving rise to a higher order oligomer.
Human HSBP1 Is a Cooperatively Folded Protein with High
Helical Content and Moderate Stability-To assess the predicted helical nature of HSBP, we performed circular dichroism (CD) studies with purified recombinant HSBP1. The CD spectrum exhibits double minima at 208 and 222 nm and a maximum near 190 nm characteristic of helical proteins (data not shown) (51) . The molar ellipticity at 222 nm is indicative of a protein with a high helical content (ϳ70%). Thermal denaturation and renaturation experiments performed by monitoring the ellipticity at 222 nm yielded two almost completely overlapping sigmoidal curves, reflecting the reversible nature of these structural transitions (data not shown). The abrupt changes in the slope of these curves near the melting temperature (48°C) indicates that HSBP1 unfolds and refolds cooperatively, characteristic of a well folded structural unit. The thermal stability of HSBP1 is modest compared with many previously characterized coiled-coils of comparable or shorter length (8, 19, 52) .
The Carboxyl Terminus of HSBP1 Is Unstructured and Accessible to Proteases-In an attempt to distinguish between contrasting structural models suggested by sequence analysis (see above), we probed the accessibility of the polypeptide backbone of HSBP1 to sequence-specific proteases. We chose two endopeptidases with different specificities: the Staphylococcus aureus V8 protease, which cleaves carboxyl-terminal to acidic residues (i.e. glutamates and aspartates), and trypsin, which cleaves carboxyl-terminal to basic residues (i.e. lysines and arginines). Optimal incubation times and protein/protease ratios were determined by monitoring the disappearance of fulllength protein and the appearance of proteolytic products via Western blot analyses. The proteolyzed products were then analyzed by mass spectrometry. Although V8 and trypsin proteolytic sites are uniformly distributed throughout the length of the human HSBP1 sequence, only three major products were detected (Fig. 2) . V8 proteolysis produces two fragments of 6984.8 and 7227.4 daltons, whereas trypsin digestion yields a single proteolytic product of 7682.7 daltons. These fragments mapped the proteolytic cleavage sites immediately carboxylterminal to residues Glu-63 and Glu-65 (in the case of V8), and Lys-69 (in the case of trypsin) in the intact protein (Fig. 2) .
To assess the conformational features of HSBP1 in greater detail, we recorded nuclear magnetic resonance (NMR) spectra of a uniformly 15 N-labeled sample at 40°C. The 1 H-15 N heteronuclear single quantum coherence (HSQC) spectrum of HSBP1 is characterized by relatively poor signal-to-noise ratio for a majority of peaks. However, over a dozen 1 H-15 N correlations exhibit much higher than average signal intensities signifying the presence of flexible regions in the molecule (Fig. 3) . These resonances were assigned from a combined analysis of threedimensional 15 N-edited nuclear Overhauser effect spectroscopy (NOESY) and total correlation spectroscopy spectra. Most of the intense resonances correspond to residues at the less conserved carboxyl terminus extending approximately from Gly-60 to Ser-76. The H ␣ secondary chemical shifts and the pattern of 1 H-1 H NOEs (data not shown) further indicate the absence of regular secondary structure in this region. Thus, NMR analyses and limited proteolysis both establish that the carboxyl terminus of HSBP1 is unstructured and flexible.
HSBP1 Self-associates in Yeast Two-hybrid Interaction Assay-More detailed NMR analyses however, were impeded by the modest dispersion of amide proton resonances (characteristic of predominantly helical proteins; Fig. 3) , that was further exacerbated by the presence of a large number of intense peaks arising from unstructured regions. Because intense peaks can mask less intense peaks belonging to structured regions, we designed a deletion mutant (designated HSBP1 65⌬) corresponding to residues 1-65. To establish functional equivalence of full-length HSBP1 and HSBP1 65⌬ proteins and also to test whether HSBP1 can form higher-order oligomers in vivo, we used quantitative yeast two-hybrid interaction assays to compare the interaction strengths between the following three pairs of HSBP1 proteins: full-length HSBP1 and full-length HSBP1, full-length HSBP1 and HSBP1 65⌬, full-length HSBP1 and a truncation mutant corresponding to residue 1-45 (HSBP1 45⌬). Yeast twohybrid assays with full-length HSBP1 as both bait and prey showed HSBP1 self-association, which was arbitrarily set to 100%. The interaction strengths were comparable between the full-length HSBP1 proteins (100%) and between full-length HSBP1 and HSBP1 65⌬ (100%), whereas interaction of fulllength with HSBP1 45⌬ was almost completely abolished (8%). These results indicate that HSBP1 65⌬ behaves identically to the full-length protein in yeast two-hybrid interaction assays and that an intact HR-C is necessary for HSBP1 self-association. Conversely, these results also suggest that the carboxyl-terminal region (residues 66 -76) is not required for proper folding of the HSBP1 protein.
HSBP1 Forms a Long, Continuous Helix That Exhibits Slow Motions on the Millisecond Time Scale-
The poor sensitivity of the HSQC spectra of full-length HSBP1 can be attributed to the unfavorable relaxation properties of the 1 H and 15 N spins because modified pulse sequences incorporating the TROSY effect (38) lead to remarkable improvements in both sensitivity and resolution (compare Fig. 4, A and B) . The poor relaxation properties are consistent with a higher order oligomerization state and/or a highly nonglobular shape of HSBP1. Further improvements in spectral quality are seen for a 2 H, 15 N-labeled sample of HSBP1 65⌬ (compare Fig. 4, B and C) . Significantly, the relative positions of individual resonances are virtually unchanged (except near the carboxyl terminus) in the 1 H-15 N correlated spectra of HSBP1 65⌬ and full-length HSBP1, implying that the two proteins share similar structural features at concentration ranges of 500 M to 1.6 mM.
The backbone amide proton resonances of HSBP1 polypeptides are dispersed over a 1.5 ppm range characteristic of folded proteins (Fig. 4) N HSQC spectrum of HSBP1. The spectrum is contoured at a high threshold to emphasize intense correlations from flexible regions. These correlations belong to residues at the NH 2 and COOH termini. Assignments for residues 66 -76 are underlined.
FIG. 2. Distribution of protease-sensitive sites in HSBP1.
The diamonds and triangles below the HSBP1 sequence identify all possible cleavage sites for trypsin and V8 proteases, respectively. Open and closed symbols denote protease-resistant and protease-sensitive sites, respectively. As outlined in the text, protease-sensitive sites were deduced from the molecular mass values (indicated in Da below the closed symbols) of the proteolytic products determined by mass spectrometry.
detected for HSBP1, implying that each residue within a given subunit experiences an microenvironment similar to that for the corresponding residue in another subunit of a higher order oligomer.
To map the location of secondary structural elements in HSBP1, backbone 1 H N , 15 N, 13 C ␣ , 13 C ␤ , and 13 CЈ resonances were assigned sequence-specifically by analyzing triple-resonance spectra acquired for a 2 H, 13 C, 15 N-labeled sample of HSBP1 65⌬. The 13 C ␣ and 13 CЈ secondary chemical shifts are exquisitely sensitive probes of the local polypeptide backbone conformation (53) . After applying appropriate residue-specific corrections for the deuterium isotope effect (54) to the measured values, these shifts were graphed as a function of residue number (Fig. 5, A and B) . Both 13 C and 13 CЈ secondary shifts are large (Ͼ0.7 and Ͼ0.5 ppm, respectively) and positive for the polypeptide segment extending from Val-9 to Thr-57, implying a helical conformation for these residues. Sequential NOEs involving amide protons as well as medium-range H ␣ (i)-H N (iϩ3) NOEs provide independent evidence for a helical conformation for this segment. The measured ( 1 H)-15 N heteronuclear NOE values (Fig. 5C ) for this segment are also consistently large (average ϭ 0.75 Ϯ 0.11) and positive, implying an essentially "rigid" backbone conformation in the picosecond (ps) to nanosecond (ns) time scale. Significantly, no interruptions to these patterns (secondary chemical shift or NOE) are detected anywhere along the segment, providing direct evidence for a single continuous helix consistent with model 1 shown in Fig. 1C . Unfortunately, the poor sensitivity of 13 Cedited spectra (most likely attributable to the poor transverse relaxation properties of 1 H and 13 C spins) precluded a more detailed characterization including determination of the threedimensional structure of HSBP1 via NMR approaches.
The surprisingly poor sensitivity of HSBP1 NMR spectra led us to quantify the spin relaxation properties of backbone 15 N nuclei. Spin-lattice (R 1 ) and spin-spin (R 2 ) relaxation rate constants were measured using well established approaches (40, 41) . To assess any exchange contributions in the millisecond time scale, 15 N R 2 relaxation constants were measured as a function of the refocusing delay in the CPMG sequence ( cp ). The measured R 1 and R 2 values are graphed in Fig. 6 . The R 1 values are relatively small and uniform, in the helical region (residues 9 -57) except near the ends, and this is reflected in the computed average and standard deviation values (0.68 Ϯ 0.16 s Ϫ1 ). The R 2 values are large and also uniform in the helical region (average ϭ 11.8 Ϯ 2.0 s Ϫ1 when cp ϭ 0.8 ms). Remarkably, a number of residues in the helical region exhibit significantly higher R 2 values when cp is set to 5 ms. Although the uncertainties in the R 2 values are higher in the latter measurement, the difference in R 2 values is clearly significant with several residues exhibiting ⌬R 2 (R 2(cp ϭ 5 ms) Ϫ R 2(cp ϭ 0.8 ms) ) greater than 1 s Ϫ1 . Qualitatively, the differences can be readily discerned from the magnetization decay curves for these residues (data not shown). Interestingly, these differences, which are indicative of motional processes occurring on the millisecond time scale, are observed for residues distributed throughout the helical region, most likely signifying some global (and possibly functionally relevant) process on this time scale.
Size Exclusion Chromatography Reveals a Discrete Molecular Species-To investigate the association properties of HSBP1, we characterized the hydrodynamic properties of the protein using size exclusion chromatography (SEC). Experiments were performed with loading concentrations ranging from 5 to 500 M and under a variety of ionic and pH conditions (Fig. 7 and data not shown) . In each case, HSBP1 eluted as a single peak with an apparent molecular mass of 62.4 Ϯ 3.7 kDa, which is much larger than the calculated monomeric molecular mass of 8.4 kDa. The symmetry of the peak further suggests a discrete molecular species under these conditions. The elution profile is very similar to that of bovine serum albumin (Fig. 7) , which is a 66.4-kDa globular protein. This suggests that HSBP1 either forms a large oligomer and/or has a highly nonglobular shape that contributes to increased surface area and frictional properties of the protein.
HSBP1 Exists as Mixture of Trimer and
Hexamer in Native Gels-To further establish the oligomerization state of HSBP1, we took advantage of the different sizes of purified wild-type and HSBP1 65⌬ proteins. A mixture of wild-type and HSBP1 65⌬ was incubated to allow formation of homo-and heterooligomers that were then resolved on a nondenaturing gel. The number of discrete species detected is expected to follow a binomial distribution, (AϩB) n , where n corresponds to the oligomerization state of the protein which determines the number of bands (n ϩ 1) on the gel (55-57). For example, for a trimeric protein, four discrete bands would be detected in a nondenaturing gel. Discrete bands with substantially different mobilities were observed for both wild-type and HSBP1 65⌬, presumably because of size and pI differences (Fig. 8, compare lanes 1  and 2, lanes 4 and 5, and lanes 7 and 8) . On a 12% acrylamide native gel, four bands were observed, indicating the presence of homotrimers, (wild-type) 3 and (HSBP1 65⌬) 3 , as well as two types of heterotrimers with intermediate mobilities, (wildtype) 2 (HSBP1 65⌬) 1 and (wild-type) 1 (HSBP1 65⌬) 2 (Fig. 8, lane  3) . Variation in the time and temperature of incubation of the two HSBP1 proteins yielded very similar results (data not shown). Interestingly, hetero-oligomers were detected after only 5 min of co-incubation at room temperature. Although native gel analyses are not well suited for measuring association/dissociation kinetics because of the long dead times in loading and running gels, this result suggests that the kinetics of exchange between subunits of the oligomer is relatively rapid, although thermodynamically, the oligomeric state is clearly more preferred.
Intriguingly, at very high protein loading concentrations and/or at much longer film exposure time following enhanced chemiluminescence, less intense and closely spaced bands with slower mobilities could be observed (Fig. 8, lane 6) . The number of discrete bands could not be readily determined, partly because of the intense bands from the trimeric species. By varying the temperature, buffer, and the percentage of acrylamide in the resolving gel, we found conditions where these less intense bands in the 12% acrylamide gels constituted the major species in 8 -10% acrylamide gradient gels. A cluster of seven discrete bands could be readily observed in these gels, demonstrating the existence of hexamers (Fig. 8, lanes 7-9) . On an 8 -12% gradient gel, however, the relative intensities of the bands from the hexameric and trimeric species are equivalent (data not shown). Collectively, these results suggest that the percentage of acrylamide in the gel plays a role in influencing the oligomeric state of HSBP1. Although it is presently unclear how pore size of the gel affects HSBP1 oligomerization, native gel analyses clearly demonstrate that HSBP1 can exist either as a trimer or a hexamer.
HSBP1 Exists in a Trimer-Hexamer Equilibrium in
Analytical Ultracentrifugation-In contrast to native gel analyses, SEC measurements had indicated the presence of a single molecular species of HSBP1 (see above). To resolve this apparent discrepancy and to assess the relative populations of trimers and hexamers (if any), sedimentation velocity experiments on an analytical ultracentrifuge were performed with samples in the monomeric concentration range from 5 to 1000 M (58). Sedimentation velocity data were initially analyzed with the model-independent van Holde-Weischet method (45) . These analyses revealed the presence of multiple species correlating to the loading concentration (59) (Fig. 9) . Between 10 and 100 M loading concentration, HSBP1 sediments as a single 1.8 -2.2 S species. At 5 M loading concentration, the dominant species has a sedimentation coefficient of ϳ2 S, whereas smaller and heterogeneous sedimentation coefficients are seen at the lowest protein concentration boundaries, consistent with a complex dissociating into smaller subunits. Similarly at 500 M, ϳ70% of the population sediments as a ϳ2 S species, whereas HSBP1 proteins at the more concentrated fractions have higher sedimentation coefficients (up to 2.7 S), possibly indicative of the presence of higher order oligomers. At the highestloadingconcentrationstudied(1000M),aconcentrationdependent decrease of the sedimentation coefficient is observed, characteristic of nonideal behavior. Nonideal effects can be attributed to high concentration, unusual charge distribution, highly asymmetric and nonglobular shape, or large size (59, 60) . For HSBP1, the first three factors probably contribute significantly toward nonideality because the protein is highly acidic (calculated pI ϭ 4.2) and has a highly unusual shape given that the protein is dominated by a rather long, continuous helix (see below). Sedimentation velocity data measured at 100 M loading concentration were also analyzed using the finite element analysis approach to gain insights into the molecular size of HSBP1 (46, 61) . The data were fitted to a single component system, which resulted in a molecular mass of 25.7 kDa for the ϳ2 S species, consistent with trimeric HSBP1 at most concentrations studied (5-500 M). Finite element analysis further revealed a highly nonglobular shape for the HSBP1 trimer, with a Perrin shape factor f/f 0 ratio of ϳ1.57 (Table I) . Modeling HSBP1 as a prolate ellipsoid, we estimate the lengths of the minor and major axes to be 8.9 Å by 93.2 Å, respectively (62) . The estimated length is much longer than what would be expected for a 49-residue ␣-helix (ϳ75 Å), which suggests that the unstructured regions at the NH 2 and COOH termini contribute significantly to the apparent length. Because HSBP1 concentrations employed for the NMR and SEC studies were close to the range used for sedimentation velocity studies, we also conclude that the species in NMR and SEC measurements corresponds to the trimeric form of HSBP1. The nonglobular shape probably contributes toward the anomalous elution profile of HSBP1 as a 62-kDa protein in SEC and also to the poor nuclear spin relaxation properties of HSBP1.
In summary, we deduce from sedimentation velocity analyses single trimeric species at most concentrations examined, minor and smaller species at concentrations well below 5 M, a trimer 7 hexamer equilibrium above 500 M, and nonideality at 1 mM starting concentration. Two distinct boundaries corresponding to the trimeric and hexameric species were not observed in the 500 M experiment, indicating that either the interconversion between the two species is rapid or the sedimentation coefficients are very similar (62), or that there exist multiple equilibria between trimers, hexamers, and small amounts of higher order oligomers.
To determine the oligomerization state of HSBP1 independent of shape considerations, we performed sedimentation equilibrium studies at multiple loading concentrations (ranging from 10 to 26 M) and speed (15,000 -50,000 rpm). Seventeen equilibrium scans were fitted globally using UltraScan 5.0 software (B. D.) to an ideal single-component model, and selfassociating multicomponent models including the monomer 7 dimer, monomer 7 dimer 7 trimer, monomer 7 dimer 7 tetramer models. The monomer 7 dimer model was found to be the most satisfactory model for describing the data, and it resulted in random residuals and a monomeric molecular mass of 23.1 Ϯ 0.3 kDa (data not shown). The deduced molecular mass closely matches the computed molecular weight for trimeric HSBP1, indicative of a self-associating trimer 7 hexamer system. The complexity of this system, as revealed by sedimentation velocity studies, however, precluded quantitative analysis of the association constants. We therefore conclude that the principal species detected in sedimentation velocity and equilibrium experiments is the trimeric form of HSBP1.
DISCUSSION
The results of our biophysical and biochemical analyses led us to propose a structural model for HSBP1 illustrated in Fig.  10 . According to this model, HSBP1 consists of a single and continuous ␣-helical region (ϳ49 residues) with unstructured regions at the amino and carboxyl termini. The helical regions associate in a parallel and unstaggered manner to form a coiled-coil trimer of a highly elongated shape. HSBP1 is unusual in that, unlike many proteins, the protein appears to be characterized by only a single structural feature, namely a coiled-coil trimerization domain.
The coiled-coil region is highly conserved, and the high degree of sequence conservation across the entire HSBP family suggests that the biophysical properties described herein for human HSBP1 are likely to be relevant to other members of the family. It also suggests the importance of the conserved coiledcoil domain to HSBP function. For the heptad repeat regions to form coiled-coils, the overall sequence can diverge as long as similarly sized hydrophobic residues are located at the a and d positions to ensure packing of the interhelical space. Thus, the sequence conservation of HSBP suggests that the helical region may have other purposes in addition to self-association. Furthermore, it is likely that protein domains that interact with HSBP will also be highly conserved because of co-evolution. Although HSBP1 was originally identified through its interaction with HSF1 trimerization domain in the yeast two-hybrid essay, the HSF1 trimerization domain is comparatively more divergent. (Sequence similarity between HSF1 trimerization domain across plant and animal kingdoms is ϳ30% (Ref. 63) ; in contrast, sequence similarity between HSBP1 trimerization domain across plant and animal kingdoms is more than 65%.) This suggests that HSBP1 may interact with proteins other than the trimerization domain of HSF1 in the cell.
The fact that HSBP1 forms a continuous helix and is a trimer strongly suggests that both HR-N and HR-C participate in coiled-coil interactions. However, the coiled-coil prediction based on protein sequence data suggests that HR-N has a relatively low probability to form a coiled-coil and that the helical region of HSBP1 may not be continuous (Fig. 1) . We suggest that this discrepancy results from the presence of consecutive hydrophobic residues in the first two heptads of HR-N and the presence of a conserved threonine residue at the a position of the first repeat. Hydrophobic amino acids at the c and g positions in HR-N dictate that some of the hydrophobic residues are exposed to the solvent and capable of providing additional hydrophobic interacting surface for competing oligomerization states. Indeed when the hydrophobic residues at the g and c positions were changed to hydrophilic residues, the predicted probability for coiled-coil formation increased substantially (from 30% to Ͼ50%). Additionally replacing the threonine, which is not commonly found at the a position in coiledcoils (49) with a leucine increases the probability even further (to 80%). These results indicate that, although the heptad repeat appears to be a relatively simple motif and has been extensively studied, there are complexities (for review, see Ref. 64 ) dictating the formation of coiled-coils that are not well understood. Studies of HSBP1 protein family could thus provide new insights into the relationship between protein sequence and coiled-coil structure and function and allow more reliable predictions.
Although the 49-residue helical region (corresponding to ϳ14 helical turns) of HSBP1 implies a fairly extensive coiled-coil interface in the HSBP1 trimer, the protein exhibits surprisingly modest thermal stability (T m ϳ50°C), comparable with that of the zipper region (ϳ10 helical turns) of dimeric basic leucine zipper transcription factors (65) , but in marked contrast to the tetrameric soluble N-ethylmaleimide-sensitive factor attachment protein receptor complex (ϳ17 helical turns and T m Ͼ90°C) (66) . A survey of previously characterized coiledcoils, however, reveals no correlation between helix length and thermal stability. Many structural proteins, including myosin, contain relatively long coiled-coil domains (in excess of 600 residues) but have relatively low melting temperatures (T m between 40 and 50°C) (67, 68) . Thus, although the coiled-coil domain of HSBP1 is similar in length to that of many proteins involved in transcriptional activation and signal transduction, unlike these domains, its thermal stability is comparatively lower and resembles that of the coiled-coil domains of structural proteins.
Another remarkable feature of the HSBP1 protein, possibly related to its modest thermal stability, is the prevalence of motional processes on the millisecond time scale particularly in the coiled-coil region. Interestingly, the polypeptide backbone in this region appears to be relatively rigid on the picosecond to nanosecond time scale as indicated by the uniformly large scale processes in the coiled-coil region are not apparent. The coiled-coil region of HSBP1 thus appears to be unique in this regard. Although the origin of the slower motional processes is presently unknown, we note the rapid subunit exchange between HSBP1 oligomers within minutes of incubation in our native gel studies, as well as the rapid exchange of oligomerization states implied by sedimentation velocity data (500 M, Fig. 9 ). Indeed, we note a striking parallel with the Fos-Jun heterodimer, which exhibits rapid dissociation kinetics in the absence of cognate DNA but not when the AP-1 DNA binding site is present (70) . Thus, dynamic motions in the millisecond time scale observed in the coiled-coil region of HSBP1 may be coupled to its biological function.
The fact that human HSBP1 has only one readily recognizable structural motif suggests that it functions most likely by associating with other proteins through coiled-coil interactions. Whether it interacts through the same residues that are involved in stabilizing the trimer or through an entirely different surface remains to be explored. The former possibility, which involves dissociation of the trimer into individual subunits is attractive because the kinetics of subunit exchange deduced qualitatively from native gel analyses is relatively rapid (i.e. on the minute time scale). The second possibility, which involves formation of a higher order oligomeric complex with the HSBP trimer, cannot be ruled out because the HR-N region contains multiple, conserved hydrophobic residues at the c and g positions that can mediate specific association with other proteins. A particularly well characterized example of this type of interaction involving a homotrimer has been described for hemagglutinin, a glycoprotein of the influenza virus (71) . Although the degree of sequence conservation at the NH 2 and COOH termini is low (Fig. 1) , we cannot formally exclude the possibility of these regions being involved in some aspect of protein function.
Our biophysical and biochemical characterization of HSBP1 constitutes the first step toward defining the functional properties of this novel protein family. Unlike other coiled-coil proteins in which the oligomerization domain functions in concert with other domains, such as during transcriptional activation or signal transduction, HSBP1 appears to function solely through protein oligomerization perhaps to regulate the function of other proteins. Additional studies are required to clarify the role of HSBP in the cell, but it is expected that the structural and dynamical features of this protein describe herein will be particularly important for designing experiments and interpreting results that will lead to a better understanding of the mechanism of regulation via coiled-coil interactions in general, and this evolutionarily conserved protein in particular.
